Past methods for estimating the population frequency of familial cancer syndromes have used cases and controls ignoring the familial nature of genetic disease. In this study we modified the capture-recapture method from ecology to estimate the number of families in central Ohio with Lynch syndrome (LS). We screened 1566 colorectal cancer cases and 545 endometrial cancer cases in central Ohio from 1999 to 2005 and identified 58 with LS. We screened an additional 3346 colorectal and 342 endometrial cancer cases from 2013 to 2016 and identified 149 with LS. We found 12 LS mutations shared between families observed in the first and second studies. We identified three individuals between studies who were closely related and eight who were more distantly related. We used identified family relationships and genetic test results to estimate family size and structure. Applying a modified capture-recapture method we estimate 1693 3-generation families in the area who have 288 unique LS causing mutations. Comprehensive colorectal and endometrial cancer screening will take about 20 years to identify 50% of families with LS. This is the first time that the capture-recapture method has been applied to estimate the burden of families with a specific heritable disease. Family structure reveals the potential extent of prevention and the time necessary to identify a proportion of families with LS.
Introduction
Estimating the population frequency of familial diseases can be challenging, as not all individuals with a genetically defined syndrome will develop symptomatic disease. In the case of Lynch syndrome (LS) high-risk families have been used for initial estimates of population prevalence and penetrance, but these estimates can be biased [1] [2] [3] [4] [5] [6] . Subsequent estimates of LS prevalence have been made by determining the prevalence of LS among cases, multiplying that times the prevalence of the disease in the population, and then correcting for penetrance [4, 5, 7] . For accurate prevalence estimates, unbiased sampling of cases and controls is necessary [8] . However, population frequency based on counting individuals ignores the hereditary nature of familial cancer risk, with cases occurring in familial clusters. Estimates of population frequency that include family structure have not been done.
LS confers autosomal dominant genetic risk of many types of cancer, most prominently colorectal and endometrial cancer. Lifetime colorectal cancer risks are 52-82%, compared with the 4.8% risk in the general population [9] . Colorectal cancer can be prevented with regular colonoscopies, so identifying individuals with LS early can save lives [10] . Universal screening of all colorectal cancers for LS has been shown to be cost effective as cascade testing of relatives benefits relatives beyond the initial case [11] [12] [13] .
Hence, the most efficient way to find all individuals with LS is to focus on families with LS [14] .
Since 1999 we have been involved in two studies directed at universal LS screening in central Ohio. We realized that these two studies could be used to estimate the number and size of families with LS by modifying the capture-recapture statistical method, a well-established method from ecology. Capture-recapture methods compare ascertainment in an initial and subsequent time period noting individuals, or families in our study, that have been ascertained more than once. Since both Ohio studies gathered clinical pedigrees with identifiable individuals, we were able to apply capture-recapture principles to entire families and estimate the number of families with LS in the area, including those yet to be diagnosed. Knowing general family structure within the population may help guide prevention efforts by defining the LS distribution in terms that are consistent with costeffective cascade testing [12, 14] . Direct estimates of the frequency of LS in the context of specific mutations and families with these mutations will give a more complete picture of population genetic heterogeneity.
Methods

Sample
Between 1999 and 2005, the Columbus-area HNPCC study comprehensively screened unselected colorectal and endometrial cancer cases from three hospital systems for LS as previously described [15] [16] [17] . Between 2013 and 2016, the Ohio Colorectal Cancer Prevention Initiative (OCCPI; ClinicalTrials.gov identifier: NCT01850654) study screened colorectal cancer cases from 51 participating hospitals across the state of Ohio, and endometrial from Ohio State University (OSU). Institutional Review Board (IRB) approval was obtained by the individual hospitals, Community Oncology Programs, or by ceding review to the OSU IRB.
Lynch syndrome case ascertainment and genotyping
All tumors in both the first (HNPCC) and second (OCCPI) cohorts were screened for mismatch repair (MMR) deficiency by microsatellite instability (MSI) testing and/or immunohistochemical (IHC) analysis at OSU, if not already completed in a CLIA-approved laboratory for clinical care as previously described [15] [16] [17] [18] . All genetic results were available to researchers HH and RP.
Three-generation pedigrees were ascertained for all individuals identified with LS in both studies. During pedigree ascertainment, at-risk relatives were identified for cascade testing. Through this process, it was discovered that some relatives, and even participants, had already been identified as a member of a known LS family through the prior Columbus-area and current OCCPI studies, respectively. Furthermore, potential connections between individuals with the same genotype were investigated using pedigree comparison and genealogical research, when possible. Public online family history tools, birth certificates, death certificates, census data, cemetery documents, and archived obituaries were used to construct extended pedigrees.
Capture-recapture analysis
To estimate of the number of families with LS we used a solution from ecology called the capture-recapture or mark-recapture method [19] [20] [21] . This method was classically used to estimate the number of animals in a given area. To apply this on deer, for example, deer would be caught, marked, and released noting how many were marked (m1). At a later time, deer would again be caught and released after noting how many were previously marked (m2) and the total caught (n2). Then, the number of deer in the area (n) is estimated by equating the proportion of marked deer in the second capture to the proportion of marked deer in the entire population (i.e. m2/n2 = m1/n). With three variables known, we can solve for the number of deer in the entire population: n = (m1 × n2)/m2. This formula is known to overestimate the true size of the population for small sample sizes [22] . To minimize bias in our analysis we use the related equation n = [{(m1 + 1) × (n2 + 1)}/(m2 + 1)] − 1 [22] . Furthermore, we used the amended 95% confidence interval CI = N ± 1.96 × SE where the standard error is SE = sqrt {[(m1 + 1)(n2 + 1)(m1 − m2)(n2 − m2)]/(m2 + 1)2(m2 + 2)} [22] .
There are several underlying assumptions to this method [19] [20] [21] . First, the probability an individual belongs to the first set (set A), the first capture period in the deer example, is identical for those who are in the second set (B) and those who are not. Next, the probability an individual is caught in a given set is equal for all individuals and independent of whether an individual has been caught before. Lastly, the probability an individual is in set A (or B) is constant over time for the duration of the study. This last assumption implies that the population is closed, i.e. there are no births, no deaths, nor migrants.
Applying capture-recapture to human families
Genetic counselors in both HNPCC and OCCPI studies collected pedigree information for each identified LS patient. We considered families to be "recaptured" in the second study if an individual with cancer had the same LS variant and was in the same pedigree as someone who was identified in the first study. As there are many definitions of family, we evaluated three sizes of families: (1) standard 3-generation families defined as relatives of the identified LS case out to first cousins, (2) extended families defined as any known or identified relationship between LS cases, and (3) genetic LS families defined as anyone with the same mutation. Extended families were identified by the research study and were often unknown to the families. The rationale for distinctions in family size is that cascade testing typically does not extend beyond 3-generation. However, information on extended families was often available because both HNPCC and OCCPI studies collated extensive family history information from the LS patients identified. Genetic families consist of all individuals with the same LS mutation inherited from a common ancestor.
Adjustment for cascade testing
Once an individual was identified with LS in the Columbusarea HNPCC study, their at-risk relatives were identified and underwent single-site testing for the familial mutation [7] . Relatives then received counseling and intensive cancer surveillance recommendations. This cascade testing, education, and surveillance was expected to reduce the risk that relatives would develop colorectal cancer, reducing their odds of being ascertained (recaptured) in the second (OCCPI) study period. In order to adjust for the expected lower number of families recaptured due to intensive surveillance of LS families in the HNPCC cohort, we estimated age-specific colorectal cancer incidence on published LS penetrance during the 2nd ascertainment period for individuals identified with LS [23] [24] [25] . We then estimated the number of individuals with colorectal cancer who might have been ascertained by the OCCPI had cascade testing not occurred.
Estimate of the number of 3-generation families with specific LS mutations
We combined estimates of the number of independent 3-generation families in the area with each mutation yet to be identified. To do this, we used the estimate of the total number of families with LS, the estimate of the total number of LS mutations, and the number of families observed with each known mutation. Starting with a histogram of the number of families for each of the mutations identified, we performed a Laplace smoothing which gave us counts for the expected mutations yet to be identified under the assumption that, if sampling continued, we would have identified one family with each new mutation. We converted the number of families to proportions of families with each of the mutations and multiplied proportions by number of families to get an estimate of the number of families with each mutation.
Family history and haplotype evaluation to infer common ancestor
Inheritance from a common ancestor is the most parsimonious explanation of a shared genetic mutation. To evaluate this assumption, we used haplotype data from a subset of OCCPI participants where multigene panel sequencing had been performed at the University of Washington. The ColoSeq and BROCA panels include nonrepetitive intronic sequences, facilitating haplotype analysis. Haplotype analyses were performed for MLH1 p.K461X, c.589-2A>G, and exon 16-19 del; MSH2 c.942+3A>T, p.A636P, exon 8 del, and exon 13-14 del; MSH6, p.L370S, c.3840_3846del, and c.3939_3957dup; and PMS2 c.1831dup and p.L625X. We used population data from European populations and LDlink software to select tag SNPs with r 2 < 0.95 across the MLH1, MSH2, MSH6, and PMS2 genes and generate population haplotype frequencies [26] (see Supplemental Tables 1-4) . Comprehensive haplotype evaluation of the MSH2 exon 1-6 deletion has been previously published [27] .
Results
Individuals with Lynch syndrome
Between 1999 and 2005, the Columbus-area HNPCC study screened 1566 colorectal cancer cases and 543 endometrial cancer cases for LS. Fifty-eight individuals were identified with 23 unique LS-associated mutations. Between 2013 and 2016, the OCCPI study screened 3346 colorectal cancer cases and 342 endometrial cancer cases for LS. One hundred forty-nine individuals with 101 unique LS mutations were identified. One individual was ascertained by both the initial HNPCC study (for her endometrial cancer diagnosis) and OCCPI study (for her colorectal cancer diagnosis). This individual represents a missed opportunity for prevention of her colorectal cancer because her germline PMS2 mutation was not able to be detected due to technology limitations at the time of her endometrial cancer diagnosis in the initial HNPCC study. Three individuals with cancer in the OCCPI study were known relatives of individuals in the HNPCC study. Work connecting pedigrees identified five OCCPI participants as distant relatives of LS patients identified by the HNPCC study in addition to the three previously known relatives. Sixteen patients from the OCCPI study were connected as biological relatives of other OCCPI patients through genotyping, pedigree comparison, and genealogy research (degree of relationship ranged from first-degree to 4th cousins). Counting either study, 99 individuals shared the same LS mutation with another individual ascertained during either study period.
Effect of cascade testing
Cascade testing performed as part of the Columbus-area HNPCC study identified 108 relatives of 58 probands with LS, 83 of who lived in Ohio. Based on published colon and endometrial cancer risks, an additional 3.6 instances of colon or endometrial cancer in Ohio are thought to have been prevented by aggressive surveillance and prevention strategies in these individuals between 2013 and 2016 (6.9 using upper 95% CI for LS penetrance and 2.1 using lower 95% CI for LS penetrance [24] ). Approximately 1/6 of all CRC cases in Ohio were screened for LS as part of the OCCPI study, so we estimated an extra 0, 1, or 2 individuals with LS would have presented with colon or endometrial cancer in the OCCPI study had cascade testing not been performed as part of the initial Columbus-area HNPCC study.
Number of families with LS in catchment area
The capture-recapture method estimated 1693 3-generation LS families (relatives up to first cousins) in the central Ohio catchment area. The number of extended families (any documented relationship) estimated to be in Ohio was 883. Table 1 shows these results along with the 95% confidence intervals of these estimates. Estimates assume a single additional family would have been recaptured had cascade testing not been initially performed. Supplemental Table 5 shows the sensitivity analysis of how cascade testing bias might alter the estimates of number of families and mutations with LS.
Capture-recapture estimated 288 mutations that cause LS in the catchment area. We estimate that it will take 20 years to identify 50% of individuals with LS in Ohio, and 76 years to identify 90% of individuals with LS in Ohio with universal screening of all CRC and endometrial cancer cases and cascade testing extending all relatives out to first cousins (Table 1) . We expect to observe 90% of unique LS mutations in Ohio in at least one family within the next 13 years if universal tumor screening of CRC and endometrial cancer continues.
Frequency of specific mutations in the population
Our two studies identified 109 different mutations causing LS. We predict there are about 179 unique LS mutations in central Ohio that were not identified in either study. We assumed each of these 179 unidentified mutations is present in only one 3-generation family, as were 75 of the mutations already identified, and estimated the number of families with each of the mutations (Fig. 1) . The MSH2 c.942+3A>T mutation is by far the most common mutation associated with LS and is expected to be present in about 200 3-generation families in the area. MSH2 exon 1-6 deletion is the next most common, having about 100 expected families. The substantial majority of mutations are estimated to be present in 10 or fewer 3-generation families.
Common ancestor inference using haplotypes
Unphased haplotype data for tag SNPs was available for 12 different mutations shared by a total of 48 individuals (Supplemental Tables 1-4 ). For most mutations investigated haplotype data was consistent with a single ancestral mutational event. There were several variants where haplotype data was not consistent with a single founder event. For the most common MSH2 mutation, c.942+3A>T, which occurs at the end of a poly-A microsatellite track and is a mutational hotspot in tumors [28] , haplotype data was available for 11 individuals. MSH2 c.942+3A>T was present on at least three haplotypes, suggesting three unique mutational events with eight, two, and one individuals sharing haplotypes. Four of five haplotyped individuals with MSH6 p.L370S shared the most common haplotype, but one individual did not share this haplotype. This could indicate a unique mutational event, a meiosis between p.L370S and the haplotype-defining marker in this individual, or genotyping error for a haplotype tagging SNP. There were apparently two independent events for MLH1 c.589-2A>G.
Comparison with other estimates
We compared estimates of individuals in Ohio with LS to gauge the accuracy of our estimate. While there are no direct estimates of the number of families with LS, we [29] . If Ohio has a proportional share of CRC, there should be around 52,000 individuals in the state who have or have had CRC. In the two Ohio studies described here, we evaluated over 4000 of these CRC cases and found that 3.39% have LS. This gives a prediction of 1763 individuals in Ohio with LS and colorectal cancer. Alternatively, we can start with the 1693 families we estimated using the capture-recapture method. Based on simulations of 100 MLH1 3-generation families using the R Package CoSeg [30] with demographic assumptions from the United States, we expect 1.27 individuals per family to have LS and be affected with colorectal cancer. So in 1693 3-generation families with LS, the number of individuals with LS who have colorectal cancer would be 2150. Alternatively, we can use an estimate that 1:279 individuals in the U.S. have LS [6] . With 11.6 million people in Ohio [31] we expect 41,500 to have LS. Based on simulations described above, we expect each three generation family to have 7.5 members at any age with LS. The capture-recapture estimate of 1693 families would indicate 12,698 individuals with LS in Ohio. Capture-recapture based estimates are 18% above the estimate of individuals with LS and colorectal cancer and 70% below the estimate of total number of individuals with LS.
Discussion
The capture-recapture method from ecology can give a meaningful, independent estimate of families with LS. Our analysis indicates that over one quarter of 3-generation LS families in this area have one of five LS mutations that are common in this population. Not all of these are common in public databases [32, 33] suggesting that a portion of LS is local and that population frequency may vary depending on which mutations are prevalent in the specific population of interest. Although there have been estimates of the number of individuals with LS in the population, to our knowledge, this is the first that directly estimates the number of families in a population with a dominant genetic disease. Estimates generated from our results were higher than other estimates of patients with LS and colorectal cancer but lower than estimates of total individuals with LS. Unfortunately, large differences in previous population estimates prevent clear conclusions about potential systematic bias in our application of the capture-recapture method. Large differences in past estimates do, however highlight the need independent methods to estimate population frequency, such as the capture-recapture strategy applied here.
Our estimates may be biased because of slight deviations from the assumptions of the model. Our study follows some assumptions of the capture-recapture method Fig. 1 A plot of the number of families, defined as out to first cousins, we expect to find with the given mutation. Note that the vast majority, > 260, of mutations we expect will be present in a small number of families. Also, the error bars given here are the 95% confidence intervals of the estimates better than others, as is often the case for applications of statistical methods to real world problems. The assumption of identical probability of a family being in each ascertainment set may or may not hold as the several adult individuals in each family that are risk of developing cancer at any time may not be randomly distributed throughout the catchment areas. The independence of the capture and recapture sets also likely does not hold since cascade testing was predicted to prevent colorectal cancer in individuals with LS, reducing the probability of ascertaining those families in the second study. This could cause artificially large estimates of the total number of LS families in the population (see Supplemental Table 1 ). Because of this, we corrected for this known bias in our estimates. Almost any application of statistical methods to real populations requires similar estimates and corrections [34] . The assumption of constant population over time may fit reasonably well. Migration may create or eliminate new families from the catchment area; however, census data suggest the Ohio population has been relatively stable during the study period. De novo mutations creating new families with LS are extremely rare, but could alter assumptions over a much longer time frame. The assumption that probability of ascertainment is equal for all families may not hold. Clearly, larger families have more individuals who could be diagnosed with LS at any time, and thus they have a larger probability of being ascertained during both capture and recapture phases. However, overall population averages are likely to be reasonable as family history of cancer was not an enrollment criterion for either study.
One additional difficulty with the method is the time required for human cancer ascertainment and large time gap between the catch and recatch periods. There are potential effects on our estimates of families growing and moving over time, but these effects could bias estimates either way. The likely effect of these deviations from standard assumptions would be a change in the number of families recaught and the resulting estimates would be similar to those presented in our sensitivity analysis (Supplementary Table 5 ). More sophisticated capture-recapture analysis that assesses validity of these assumptions will be possible with additional capture phases [35] .
Use of the capture-recapture method in the context of families requires unbiased ascertainment of cases from the population and accurate pedigree collection. In our study, ascertainment of cancer cases was not contingent on known familial relationships, and we could correct for expected bias due to colorectal cancer prevention efforts because of careful documentation of individuals potentially benefitting from the cascade testing intervention in the initial HNPCC study.
Family size is somewhat arbitrary, and ideal definitions of family depend on the desired application or analysis. Our three definitions of family illustrate how each definition might influence results. Universal tumor screening is a public health practice designed to identify individuals with LS [36] [37] [38] . If universal screening as currently implemented in Ohio continued, it will take an additional 20 years (beyond the 10 years of the study) to identify 50% of 3-generation families in the catchment area with LS. Expanding pedigree ascertainment to larger family groups might reduce this time (see Table 1 ), but doing so is currently not currently feasible on such a large scale. For example, this study was able to find several distant relative pairs previously unknown to patients because of access to pedigrees from multiple individuals with the same mutation. There is no current public health mechanism to expand cascade testing beyond 3-generation pedigrees in this way. Furthermore, our haplotype analysis shows that in most cases, individuals with the same rare mutation can be linked to a genetic founder. Over one quarter of all predicted LS families were caused by the five most common mutations. Founder mutations in other populations may be different, and the magnitude of these founder effects may cause substantial changes in local LS population frequency.
Understanding population frequency with familial context illustrates the number of individuals who will benefit from improved cascade testing. This understanding may also allow better cost-benefit estimates and influence public health policy. Although the capture-recapture method as applied to families with genetic syndromes appears promising, it would benefit from additional research to validate estimates and explore the validity of underlying assumptions.
